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Abstract
Objective To determine the optimal intra-articular iodine
concentration for C-arm flat-panel computed tomography
(FPCT) arthrography using advanced joint phantoms and
to evaluate its application in human cadaveric wrists and
elbows. Multi-detector (MD) CT served as the standard of
reference.
Materials and methods Joint phantoms and 10 human ca-
daveric wrist and elbow joints were scanned with C-arm
FPCT (5-s, 8-s, and 20-s runs) and standard MDCT using
different and optimal concentrations of iodinated contrast
material. CT numbers of contrast material, tissue, and noise
were measured and contrast-to-noise ratios (CNR) calculat-
ed for quantitative analysis. Image and depiction of carti-
lage, bone, and soft tissues were rated. Radiation doses were
compared.
Results In FPCT, iodine concentrations positively correlated
with CT numbers and noise of contrast material and with
radiation dose (r00.713–0.996, p<0.05 each). At an iodine
concentration of 45 mg/ml, CNR of cartilage and soft tissues
were highest for all FPCT acquisitions and higher than in
MDCT. The 20-s FPCT run performed best for image qual-
ity and depiction of anatomical structures and was rated
overall equal to MDCT (p00.857).
Conclusion The optimal iodine concentration for C-arm
FPCT arthrography in this study is 45 mg/ml, leading to
superior CNR and image quality for an optimal FPCT
protocol compared with standard MDCT arthrography in
human cadaveric joints.
Keywords Flat-panel CT . Cone-beam CT .
Optimal contrast . Arthrography . Fluoroscopy
Introduction
Evaluation of different joint components with emphasis on
cartilage is essential in the detection and quantification of
joint pathology but relies upon high spatial resolution of the
applied imaging procedure [1]. Multidetector computed to-
mography (MDCT) is routinely performed for direct CT
arthrography of joints using intra-articular injection of io-
dinated contrast material [2–4]. It is appreciated by clini-
cians and radiologists alike due to its wide availability and
excellent quality in detection of bone and cartilage surface
defects with often superior spatial resolution compared to
magnetic resonance (MR) imaging [5, 6].
Spatial resolution of MDCT is limited by current detector
designs which typically allow a maximal z-resolution of 0.4–
0.5 mm [7]. This is usually enough to detect most cartilage
lesions in CT arthrography [2, 3, 8]. Flat-panel (FP) detectors
which consist of cesium-iodide (CsI) scintillator crystals how-
ever differ in physical design and potentially enable much
higher spatial resolution with isotropic voxel sizes of up to
0.154 mm [9, 10]. New cone beam CTs use FP detectors and
have recently been shown to allow for accurate wrist assess-
ment at high spatial resolution [11] including the intrinsic
wrist ligaments when CT arthrography is performed [12].
Modern angiographic systems are also typically equipped
with these FP detectors. Mounted on a flexible C-arm, these
systems provide projections from different angulations at
predefined rotation angles. Since the acquired raw data are
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three-dimensional and secondary multi-planar reconstructions
with high isotropic resolution are possible, this technique is
usually referred to as C-arm flat-panel computed tomography
(FPCT) analogous to MDCT.
Although detectors of MDCT scanners offer substantial z-
coverage, X-ray beam geometry in MDCT is conceptually
considered as fan beam versus cone beam geometry in FPCT
[13]. Rotational tomography in the C-arm FPCT is usually
performed in a 200° rotation of the gantry versus 360° rotation
in MDCT [14, 15]. FPCT typically operates at a lower tube
voltage thanMDCT (70 kV versus 100–140 kV, respectively).
All those technical differences may influence image noise,
contrast of biologic tissues and optimal iodine concentrations
[16] and hamper straightforward comparisons of FPCT and
MDCT in research and 1:1 use in clinical practice.
In the past, FPCT has been successfully used for various
interventional procedures in the abdomen, head or spine
[17–20], and for the evaluation of trabecular bone micro-
structure [21–23]. Recently, a study has shown the feasibil-
ity C-arm FPCT arthrography using a quite simple phantom
and animal cadaver model [24]. Although this study was
proof of principle, first results on this new technique were
encouraging as the image quality in this early trial was
already comparable to standard MDCT, at least when opti-
mal iodine concentrations and imaging parameters were
used [24]. However, it is not clear if imaging parameters
and iodine concentration may be applicable to human anat-
omy as well. We hypothesized that the optimal iodine con-
centration for C-arm FPCT arthrography is likely to be
different i.e. with regard to the optimal depiction of anatom-
ical structures such as cartilage and bone.
Thus, the purpose of our study was to determine the
optimal intra-articular iodine concentration for C-arm FPCT
arthrography using advanced biologic joint phantoms and to
evaluate its application in humans using cadaver wrists and
elbows. MDCT served as standard of reference.
Materials and methods
According to local regulations and laws, cantonal ethics
board approval was not required for this prospective human
cadaver study. Institutional review board approved this
study, which was conducted according to the Declaration
of Helsinki. All cadaveric specimens were treated in accor-
dance with the University’s and institution’s regulations on
cadaveric studies.
Advanced joint phantoms
Spherical joint phantoms were constructed in order to test
for the optimal concentration of intra-articular iodinated
contrast material for FPCT arthrography. Therefore, plastic
spheres with a diameter of 8 cm and a thickness of 1.5 mm
were cut into two identical hemispheres at the equator.
Tibial epiphyses with soft tissue remnants (connective and
muscle tissue) of cadaveric pig knees were mounted on each
side of a circular plastic plane (2 mm in thickness), which
was then fixed in the center of the spheres. Both hemi-
spheres were sealed together using a water-proof tape and
eventually filled with increasing concentrations of iodine (0,
15, 45, 100, and 150 mg iodine/ml) via a small drill hole of
2 mm in diameter. Iodine concentrations were attained by
decreasing dilutions of iopromide (Ultravist 300 mg iodine/
ml, Bayer HealthCare, Berlin, Germany) with saline. The
joint phantoms were placed in the center of the FPCT and
MDCT unit, aligned with their longitudinal axis to the z-axis
of the scanner tables (Fig. 1).
Human cadaveric joints
Five human wrists and human elbows from 3 different
subjects (2 men, 1 woman; age at death not known) were
available for the human cadaveric experiments. Based on
the results from the advanced joint phantom experiments,
the iodine concentration, which provided the optimal
contrast-to-noise ratio (CNR) for various biological tissues
(see Results section below) was chosen (45 mg iodine/ml)
and injected under fluoroscopic guidance.
Wrists were injected dorsally using a two-compartmental
approach with two separate injections at the distal radio-
ulnar joint and at the four-angle corner of the carpus (i.e.,
among the hamate, capitate, lunate, and triquetrum) respec-
tively [25]. Elbow joints were injected using a lateral ap-
proach where the contrast material was injected between the
radial head and the humeral capitulum [26].
On average, 2–4 ml of contrast material was injected into
the wrist joint and 5–7 ml into the elbow joint. Fluoroscopy-
guided contrast material injection into all 10 joints was
performed in the same C-arm FPCT unit as used for subse-
quent rotational tomography. MDCT arthrography was im-
mediately performed after FPCT arthrography with a
maximum delay of 5±3 min between the two examinations.
Flat-panel CT acquisitions
Flat-panel CT acquisitions were performed on an angio-
graphic unit (Artis Zeego multi-axis system, Siemens
Healthcare, Forchheim, Germany) with a C-arm-mounted
FP detector. The FP detector (30×38 cm) was operated in
a standard 2×2 binning mode where four neighboring de-
tector pixels, each of 154 μm size, are read out together to
allow an increase in the number of frames that can be read
out per second.
Similar to the recent feasibility study of Guggenberger et
al. [24], three different imaging protocols for FPCT were
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used. Protocols mainly differed in total scan duration: 5,
8 and 20 s, respectively. For the 5-s and the 20-s runs
vendor-specific default pre-settings were used. They were
originally designed by the vendor for abdominal and neuro-
vascular interventional applications respectively. The 8-s
run, however, was custom-made to imitate the intermediate
protocol used in the aforementioned feasibility study [24].
This intermediate protocol was originally designed as a
trade-off between the 5-s and the 20-s run with respect to
scan duration and radiation dose.
The 5-s, 8-s, and 20-s runs had different angulation steps
(1.5°, 0.5° and 0.4° respectively), which resulted in three
different numbers of projections (133, 400, and 500 respec-
tively) as well as different scan durations for the standard
200° rotation of the C-arm around the object. Other scan
parameters were: tube voltage, 70 kV; distance from the
source to the axis of rotation, 78.5 cm; distance from the
source to the image plane, 120 cm. Collimation of the field-
of-view of FPCT was kept constant for all scans. The angi-
ography unit automatically calculated the tube current–time
product as well as the dose–area product (DAP in μGym2),
which are parameters for the radiation dose.
Multidetector CT acquisitions
A 64-section CT unit (Definition AS, Siemens Healthcare,
Forchheim, Germany) was used for MDCT employing the
standard clinical protocol, which is usually used for CTarthrog-
raphy of the wrist and elbow at our department. The protocols
include use of automated attenuation-based tube–current mod-
ulation (CAREDose4D, Siemens) and the z-flying focal spot
technique. The detector collimation was 16×0.3 mm. Other
scan parameters were: tube voltage, 120 kV; tube current–time
product per rotation, 120mAs; pitch, 0.85. After each study, the
scanner generates automatically a “patient” protocol from
which the computed tomography dose index (CTDIvol in
mGy) and the dose–length product (DLP in mGy.cm) were
recorded as parameters for the radiation dose.
Postprocessing
All image data were transferred to a separate workstation
(Leonardo, Siemens). One author (R.G.) used dedicated
software (InSpace3D, Siemens) and performed all postpro-
cessing in two steps.
First, axial images of advanced joint phantoms were pro-
duced. Therefore, FPCT images were postprocessed by recon-
structing axial thin-slice images with a 10-cm volume-of-
interest employing a high frequency/bone kernel. Matrix size
of reconstructed images was 512×512×512. This resulted in
isotropic voxels of 0.29-mm edge length. MDCT images were
also postprocessed by reconstructing axial images at 10-cm
field-of-view and 512×512 matrix size. Slice thickness was
0.75 mm, and the increment was 0.4 mm.
Fig. 1 Axial images of
advanced joint phantoms tibial
epiphyses of cadaveric pig
knees mounted in a bi-
hemispheric plastic model filled
with iodinated contrast agent (in
this example, at an iodine con-
centration of 45 mg/ml). Joint
phantoms were scanned in flat
panel CT (FPCT; a, 5-s,b 8-s,
and c 20-s runs) and d multi-
detector (MDCT). Note in-
creasing image quality and
depictability of anatomical
structures with decreasing im-
age noise from the 5-s to the 20-
s FPCT run (a–c). Also, note
the similar noise levels of the
FPCT 5-s run (a) and MDCT
(d)
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For human cadaveric joints, multiplanar reformations
(MPR) were calculated from raw data in coronal, sagittal,
and axial planes for both FPCT and MDCT. Slice thickness
and increment were identical (1 mm and 0.6 mm respectively;
Figs. 2, 3).
Axial thin-slice and MPR images were then transferred to
the picture archiving and communication system (PACS;
IMPAX 6, Agfa-Gaevert N.V., Belgium) for quantitative
and qualitative analyses.
Quantitative data analysis
One radiologist (R.G., 2 years of experience in musculoskel-
etal imaging) blinded to iodine concentration, modality and
scan protocols performed quantitative analysis which based
on regions-of-interest (ROIs) measurements. ROIs were
placed in bone, cartilage and soft tissue as well as in the
contrast material filled compartments in both, the phantoms
and the human cadavers. Care was taken to place all ROIs on
corresponding slices of the FPCT and MDCT images. Within
each ROI, attenuation (in Hounsfield units; HU) and noise
(standard deviation; SD) were measured. CNRs were then
calculated for each anatomical structure as well as for the
different acquisition protocols and iodine concentrations. For
the latter, the difference in contrast material and tissue atten-
uation was divided by the contrast material noise.
Qualitative data analysis
First, two independent readers (R.G. and H.A., with 4 and
5 years of experience in musculoskeletal imaging) evaluated
all FPCT and MDCT images with regard to three different
image parameters: artifacts, noise, and interpretability. A
four-point classification system was used for each parameter
(4 0 diagnostic images without relevant artifacts/noise; ex-
cellent interpretability; 3 0 diagnostic images with minor
artifacts/noise; good interpretability; 2 0 diagnostic images,
but substantial artifacts/noise; poor interpretability;
1 0 nondiagnostic images due to either strong artifacts or
noise; not interpretable) [24]. An overall mean image qual-
ity score was calculated from these three parameters. Both
readers were blinded to iodine concentration, modality, and
scan protocols.
Second, to directly compare how well anatomical struc-
tures of cartilage, bone and soft tissue are depicted on the
individual image modalities, a four-box display layout of the
PACS software was chosen by a study assistant (F.M.) to
display corresponding images from the three FPCT runs
along with the reference MDCT images on a single screen.
During this second step, readers were unblinded to modality
as they were asked by the study assistant to rate the depict-
ability of the different anatomical structures using a three-
point rating scale in comparison to the MDCT images
(10worse, 20equal or 30better depictability on FPCT
images compared with MDCT). Both readers were, howev-
er, still blinded to iodine concentration and scan protocol.
Readers were able to choose image zoom factors and win-
dow level arbitrarily at their discretion. Finally, the average
of the individual ratings of the different anatomical struc-
tures was calculated, which would allow overall comparison
of the depictability of anatomical structures between FPCT
and MDCT.
Fig. 2 Coronal reformations of
human cadaveric wrist
arthrographies acquired with
intra-articular contrast material
at an iodine concentration of
45 mg/ml with FPCT a 5-s, b
8 s, c 20-s runs and d MDCT.
Note increasing overall image
quality and decreasing image
noise for FPCT from 5 s to 20 s
(a–c). The FPCT 20-s run
showed comparable image
quality and better depictability
of anatomical structures com-
pared with standard MDCT (d)
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Statistical analysis
All calculations were performed using SPSS software (IBM
SPSS Statistics, version 19, IBM, Somers, NY, USA). De-
scriptive statistics were used to present quantitative data
from attenuation, noise, and radiation dose.
In the advanced joint phantoms, bar charts were drawn to
illustrate the different CNR values derived from quantitative
analyses as well as the rating scores derived from qualitative
analyses. Pearson correlation coefficients (r) were calculated
to evaluate the association of the increased contrast attenu-
ation and the radiation dose in the different CT acquisitions.
In human cadaveric joints, the related samples Friedman
two-way analysis was performed to test for equal distribu-
tions and the Wilcoxon signed-rank test was used to test for
paired differences of median CNR values between CT
acquisitions as well as to compare qualitative median rating
scores of different CT acquisitions. Bonferroni corrections
for multiple comparisons were applied. Bar charts were
drawn to show mean CNR values and mean rating scores
for different CT acquisitions.
Kappa values were calculated to assess the inter-reader
agreement for qualitative rating scores [27]. According to
Landis and Koch, kappa values of 0.61–0.80 were inter-
preted as substantial, and 0.81–1 as high agreement [28]. A
p value of 0.05 was considered statistically significant.
Results
Advanced joint phantoms
Quantitative data analyses
The CNR values of cartilage and soft tissue peaked at an
iodine concentration of 45 mg/ml in all FPCT acquisitions.
CNR steadily increased for MDCT with increasing iodine
concentrations (Fig. 4a, c). The highest CNR for bone was
seen for the 8-s and 20-s FPCT runs in the absence of iodine
(Fig. 4b).
A strong positive correlation was found between the atten-
uation (HU values) as well as noise (standard deviation of HU
values) of intra-articular contrast material and iodine concen-
trations (r00.856–0.992 and 0.713–0.899, all p<0.05; Table 1)
in both modalities. Radiation exposure of joint phantoms in-
creased significantly with increasing iodine concentrations for
all FPCT acquisitions (r00.996, 0.992, and 0.995 for the 5-s,
8-s and 20-s runs respectively; p<0.001) while remaining
constant for MDCT (p00.55).
Qualitative data analyses
Kappa values for the evaluation of artifacts, noise, and image
interpretability as well as for the rating of depictability of the
Fig. 3 Coronal reformations of
human cadaveric elbow
arthrographies acquired with
intra-articular contrast material
at an iodine concentration of
45 mg/ml with FPCT a 5-s, b 8-
s, c 20-s runs and d MDCT.
Note increasing overall image
quality and decreasing image
noise for FPCT from the 5-s to
the 20-s run (a–c). The FPCT
20-s run showed comparable
image quality and better
depictability of anatomical
structures compared with stan-
dard MDCT (d)
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different anatomical structures (bone, cartilage, and soft tis-
sue) were 0.699–0.846 (p<0.05) and 0.767–0.957 (p<0.001)
respectively. According to Landis and Koch’s interpretation,
this corresponds to a substantial to high inter-reader agreement
[28].
The best overall image quality was seen at an iodine
concentration of 45 mg/ml for all FPCT acquisitions. At that
concentration, image quality of the 20-s run was better than
any of the other MDCT scans (Fig. 5a). For the latter, data
revealed that image quality remains almost the same regard-
less of the iodine concentration used. With MDCT as the
standard of reference, the best depictability of anatomical
structures (cartilage, bone, soft tissues) on FPCT arthrogra-
phies was found at iodine concentrations of 45 mg/ml. This
was true for all three FPCT acquisitions, the 5-s, 8-s and the
20-s runs (Fig. 5b).
Human cadaveric joints
Quantitative data analyses
Radiation dose of the different wrist and elbow FPCTarthrog-
raphies increased with increasing scan duration. The lowest
radiation dose was seen for the fastest FPCT run (5 s; Table 2).
Fig. 4 Contrast-to-noise ratios (CNR) of the three different tissue
types, a cartilage, b bone, and c soft tissue with increasing iodine
concentrations of contrast material in advanced joint phantoms. Note:
the maximal CNR of cartilage and soft tissue was found at an iodine
concentration of 45 mg/ml for all FPCT acquisitions (a, c). CNR of
bone was highest in the absence of iodine (b). In contrast to FPCT
acquisitions, CNR in MDCT steadily increased with increasing iodine
concentrations of contrast material for all tissue types (a–c)
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Measured CNR values of the 5-s run were, however, lowest
among all three FPCT runs (Fig. 6). The highest CNR for all
three tissue types (cartilage, bone, and soft tissue) was seen in
the 20-s FPCT runs, followed by the 8-s FPCT runs. CNR of
standard MDCT was found to be similar to the 5-s run and,
therefore, lower as in the 8-s and 20-s FPCT runs. There was
no statistically significant difference in CNR between the 5-s
runs and MDCTs. Differences in CNR among FPCT and
MDCT acquisitions were significant (p<0.001) as well as
the paired differences of CNR between the 20-s and 5-s FPCT
runs, 20-s FPCT runs andMDCTaswell as 8-s FPCT runs and
MDCT (all p<0.01); Fig. 6).
Qualitative data analyses
Kappa values for image artifacts, noise, and image inter-
pretability, as well as for rating the depictability of the
different anatomical structures (bone, cartilage, and soft
tissue) were 0.649–0.750 (p<0.01) and 0.657–0.93 (p<
0.05) respectively. According to Landis and Koch’s in-
terpretation, this corresponds to a substantial to high
inter-reader agreement [28]. The best overall image qual-
ity was seen in the 20-s FPCT runs. Image quality of the
20-s runs did not differ from MDCT (p00.857). Both,
the 20-s FPCT run and MDCT thus showed superior
image quality compared with the 5-s and 8-s FPCT runs
(all p<0.01). Image quality of the FPCT wrist arthrog-
raphies was always slightly better than that of the elbow
arthrographies. Vice versa in MDCT where elbow
arthrographies had a slightly better image quality com-
pared with the wrist arthrographies. However, all those
joint-to-joint differences were not statistically significant
(p>0.05; Fig. 7a).
With MDCT as the standard of reference, the 20-s FPCT
runs provided the best depictability of anatomical structures
(cartilage, bone, soft tissues). Differences compared with the
inferior 5-s and 8-s FPCT runs were statistically significant
(p<0.01; Fig. 7b).
Fig. 5 a Mean ratings of
overall image quality of
advanced joint phantoms show
highest ratings for contrast
material at an iodine
concentration of 45 mg/dl in
FPCT acquisitions, while
ratings in MDCT remained
comparably high at different
iodine concentrations. b Mean
ratings of depictability of
anatomical structures in FPCT
acquisitions in relation to
MDCT were best at an iodine
concentration of 45 mg/dl
Table 1 Mean attenuation (CT numbers) and noise (standard deviation of CT numbers) of contrast material in advanced joint phantoms
Iodine
concentration
(mg/ml)
5-s run FPCT 8-s run FPCT 20-s run FPCT MDCT
Mean HU
(± SD)
Mean noise
(± SD)
Mean HU
(±SD)
Mean noise
(± SD)
Mean HU
(±SD)
Mean noise
(± SD)
Mean HU
(±SD)
Mean noise
(± SD)
0 17.2 (±17.0) 108.2 (±30.6) 53.4 (±15.2) 30.3 (±6.4) 36.3 (±18.6) 111.5 (±38.9) 2.8 (±2.5) 89.8 (±11.1)
15 658.3 (±131.7) 93.8 (±8.6) 732.6 (±125.7) 32.0 (±4.1) 683.6 (±110.8) 37.7 (±7.5) 316.9 (±53.3) 91.6 (±8.6)
45 1695.8 (±163.5) 139.9 (±8.8) 1805.8 (±107.1) 55.7 (±16.1) 1666.7 (±128.5) 33.4 (±3.7) 874.4 (±12.8) 117.1 (±13.3)
90 2296 (±218.7) 169.9 (±8.6) 2523 (±213.0) 165.5 (±88.9) 2102.3 (±287.6) 44.4 (±7.3) 1580.8 (±78.9) 155.7 (±27.8)
150 2325.5 (±266.3) 158.1 (±35.8) 2316.8 (±89.6) 111.5 (±38.9) 2149.8 (±180.7) 101.8 (±35.4) 2208.3 (±41.0) 219.6 (±46.1)
Attenuation increased with increasing iodine concentration in FPCT acquisitions (5-s, 8-s, and 20-s run) and MDCT
FPCT flat-panel computed tomography, MDCT multi-detector computed tomography, ± SD ± standard deviation
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Discussion
To the best of our knowledge, our ex vivo study describes
the first experience of using a flexible C-arm flat-panel
system for FPCT arthrography of human joints. Results
demonstrate that C-arm FPCT arthrography of the human
wrist and elbow joint, when optimally performed at an intra-
articular iodine concentration of 45 mg/ml, provides at least
Table 2 Mean radiation dose of FPCT acquisitions (5-s, 8-s and 20-s run) and MDCT in human cadaveric joint arthrographies
Joint 5-s FPCT run (μGym2) 8-s FPCT run (μGym2) 20-s FPCT run (μGym2) MDCT (mGy.cm)
Mean (± SD) Mean (±SD) Mean (±SD) Mean (±SD)
Wrist 40.6 (±12.9) 113.8 (±35.7) 442.0 (±136.9) 137.3 (±18.9)
Elbow 72.8 (±9.7) 249.9 (±84.1) 816 (±145.4) 143.3 (±14.8)
Radiation dose for FPCT is given as a dose–area product in μGym2 and as dose–length product in mGy.cm for MDCT. Cadaveric joints were
injected with contrast material at an iodine concentration of 45 mg/ml
FPCT flat panel computed tomography, MDCT multidetector computed tomography, ± SD ± standard deviation
Fig. 6 Contrast-to-noise ratios
(CNR) of the three different
tissue types, a cartilage, b bone,
and c soft tissue in human ca-
daveric wrist and elbow joint
arthrographies calculated for
different CT acquisitions and
performed at an iodine concen-
tration of 45 mg/ml of the intra-
articular contrast material. Note
that CNR in all FPCT acquisi-
tions was equal to or higher
than in MDCT owing to lower
tube voltage (70 kV in FP vs
120 kV in MDCT) and consec-
utively higher CT numbers of
contrast material (a–c). The
maximal CNR of all tissue
types was reached in 20-s FPCT
runs owing to minimal noise
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similar image quality, but remarkably exceeds standard
MDCT in terms of contrast-to-noise ratio.
Increasing iodine concentrations in the advanced biolog-
ical joint phantoms led to increasing CT numbers and con-
trast material noise with a positive correlation for all
acquisition protocols and both modalities. For both FPCT
and MDCT default settings of tube voltage from the vendors
were used (70 kV and 120 kV respectively). Attenuation
increased more markedly in FPCT than in MDCT with
increasing iodine concentrations. This can be explained by
the known attenuation characteristics of iodine at lower tube
potentials, thereby nearing the k-edge of iodine [29, 30].
These findings are in accordance with a recent study prov-
ing the feasibility of FPCT arthrography in pig ankle joints
and investigating the effects of different iodine concentra-
tions on contrast attenuation and CNR using nonbiological
joint imitations [24].
Further corroborating published data, a strong correlation
between radiation dose and increasing iodine concentrations
was also observed for all three FPCT protocols in this study.
This effect is explained by the automated exposure control
of the FPCT unit, where opaque materials (e.g., high iodine
concentrations) cause increased attenuation of X-rays and
consecutively a compensatory increase in radiation dose. A
similar algorithm was also used for MDCT (i.e., attenuation-
based tube current modulation)—however, radiation doses
did not vary significantly in relation to increasing iodine
concentrations. This indicates that the attenuation-based
tube current modulation algorithm of MDCT is less suscep-
tible to changes in attenuation than that from C-arm FPCT.
Flat-panel CT and MDCT also differ with regard to X-ray
beam geometry (cone-beam vs fan-beam) and acquisition
parameters impacting on radiation dose [9, 10]. In contrast
to FPCT, radiation dose in MDCT is not only influenced by
tube voltage and tube current, but additionally by the pitch,
i.e., the speed at which the object is translated through the
scan plane in relation to collimation. While z-coverage in
MDCT is theoretically unlimited, it is fixed in FPCT owing
to a fixed table position and z-length of the FP detector,
which may only be collimated to smaller fields-of-view.
However, since the size of the FP detector in our unit is
similar to most commercially available angiographic FP
units and measures 30×38 cm, z-coverage does not pose a
problem for CT arthrography. Tube current is automatically
adapted by the FPCT gantry’s automatic exposure control
and may vary between different projections of a single 200°
rotation. The radiation dose of FPCT mainly depends on the
predefined angulation increments in the different acquisition
protocols of a standard flexible C-arm rotation. This fact is
reflected by the increasing scan durations of the three dif-
ferent FPCT acquisition protocols that were used in this
study and hence, in increasing dose–area products.
As a result of differences in acquisition technique and
radiation dose, tissue contrast and image artifacts differ
between acquisition protocols and differences in optimal
concentrations of iodinated contrast media can be expected
when attempting to compare FPCT with MDCT arthrogra-
phy with advanced biological joint phantoms. Our results of
qualitative data analysis from these phantoms show that for
MDCT arthrography a range of different concentrations of
iodinated contrast material resulted in high overall image
and anatomical depiction quality. In addition, CNRs for
different tissue types in advanced joint phantoms increased
with increasing iodine concentrations. This may explain
why higher iodine concentrations are usually preferred in
daily routine practice. The optimal range of iodine concen-
tration for FPCT arthrography was likely to be smaller due
to the lower tube voltage and a stronger dependence of
image artifacts on high attenuating structures, e.g., iodine
or calcium. Furthermore, CNR values of cartilage and soft
tissue in animal joint phantoms also peaked at the same
iodine concentration. Our experiments in joint phantoms
Fig. 7 a Mean ratings of
overall image quality of human
cadaveric wrist and elbow CT
arthrographies at an iodine
concentration of the intra-
articular contrast material of
45 mg/dl show comparable rat-
ings for 20-s FPCT runs and
MDCT. b Mean ratings of dif-
ferent FPCT acquisitions in re-
lation to MDCT showed better
depiction of tissues for the 20-s
FPCT run. 5-s FPCT runs were
rated worse, while 8-s FPCT
runs showed nearly equal de-
piction quality of tissues com-
pared with MDCT
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using biological tissue from pig knees indicated an optimal
iodine concentration of 45 mg/ml. This is slightly lower than
the iodine concentration found to work best in artificial non-
biological joint phantoms (75 mg/ml) in a recent study [24].
An explanation for this difference might be that in that latter
study water bottles were used as phantoms to imitate human
joints and contrast media containing tubes as phantoms to
imitate joint space. In our study, we went a step further and
determined the optimal iodine concentration in advanced
joint phantoms composed of real biological tissue (cartilage,
bone, and soft tissue) in a first step and evaluated its appli-
cation in human cadaveric joints in a second step.
In FPCTacquisitions of this study, CNR for bone tissue was
highest at zero iodine content and decreased with increasing
iodine concentration. This might be explained by decreasing
differences in CT numbers between bone tissue and contrast
material. Interestingly, CNR of bone showed amarked decrease
at an iodine concentration of 15 mg/ml, an effect that might be
explained by the high image noise in relation to the low differ-
ences in CT numbers between bone and contrast material.
Based on the results from quantitative and qualitative im-
age data analysis of the advanced joint phantoms, we per-
formed all subsequent human cadaveric joint arthrographies at
an iodine concentration of 45 mg/ml. This decision was based
on a trade-off between an adequately high CNR for different
joint tissues and low iodine concentration on the one hand,
and low radiation dose levels with minimal contrast-induced
beam hardening artifacts and image noise on the other hand.
In human cadaveric joint FPCT arthrographies, CNRs of
all tissue types were equal to or higher than for MDCT. The
best overall image quality was seen in the 20-s FPCT runs
for both joints and image ratings of direct comparisons
between modalities showed superior depiction of anatomi-
cal structures for the 20-s FPCT runs compared with MDCT.
Although radiation dose was considerably reduced in 8-s
compared with 20-s runs, anatomical depiction remained
only a little inferior to MDCT. Even the low radiation dose
5-s FPCT runs provided acceptable depictability.
First, we must acknowledge the inherent limitations of an
ex vivo study design and the lack of studies in humans,
which may be associated with different image quality and
CNR compared with cadavers. Second, joint phantoms were
spherical in geometry with a diameter of 8 cm and biological
tissue was taken from cadaveric knees of pigs. Human
wrists or elbows, however, may have slightly smaller joint
volumes compared with our cadaveric phantoms. It is there-
fore possible, that the optimal iodine concentration derived
from our joint phantoms could be different to the optimum
in human cadaveric joints. Optimal determination of the
iodine concentration should be repeated in the cadaveric
wrists. Nevertheless, our phantoms allowed a good repro-
ducibility of quantitative and qualitative data for both CT
modalities. Third, we compared different FPCT with a
standard 120 kV MDCT protocol. Tube voltage and current
may also be adjusted in MDCT and different MDCT proto-
cols might be used. This may potentially lead to increased
CNRs of tissue components in MDCT.
Conclusion
The optimal iodine concentration for C-arm FPCT arthrog-
raphy in this study is 45 mg/ml, leading to superior CNR
and image quality for an optimal FPCT protocol compared
with standard MDCT arthrography in human cadaveric
joints. Future studies should evaluate C-arm FPCT arthrog-
raphy in vivo and assess the potential of this modality to
transduce its superior spatial resolution into an improved
depiction of small cartilage defects.
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